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Postexposure prophylaxis (PEP) after intravaginal exposure to human immunodeficiency virus (HIV) was
investigated using the HIV type 2 (HIV-2)/pig-tailed macaque transmission model. PEP for 28 days with the
reverse transcriptase inhibitor (R)-9-(2-phosphonylmethoxypropyl)adenine (PMPA; tenofovir) was initiated 12
to 72 h following HIV-2 exposure. Systemic infection was not evident in the 12- and 36-h groups, as defined by
plasma viremia, cell-associated provirus, antibody responses, and lymph node virus. Breakthrough infection in
the 72-h group was detected at week 16 post-virus exposure. These results demonstrate for the first time using
a vaginal transmission model that early intervention after high-risk sexual exposures may prevent infection.

Reducing exposure to human immunodeficiency virus (HIV)
through behavior modification remains the primary and most
accepted method for preventing infection. Administering post-
exposure prophylaxis (PEP) with antiretrovirals following a
high-risk sexual exposure to HIV remains controversial (5).
Human studies addressing PEP efficacy for sexual exposure
remain difficult to implement because of the required sample
size for meaningful evaluation as well as ethical considerations
regarding placebo control (7, 10). Therefore, only minimal
anecdotal clinical evidence of PEP efficacy currently exists.

To date, systematic PEP investigations involving nonhuman
primate models have shown promise for preventing infection
under certain conditions (1). However, most studies have uti-
lized intravenous (i.v.) exposures with simian retroviruses and,
like for studies of human needlestick exposures (3, 4), the
validity of extrapolating results to sexual exposures remains
unclear. There are important variables related to viral dissem-
ination patterns after a vaginal exposure and the effective win-
dow for prophylaxis initiation that may impact PEP efficacy.
This investigation represents the first efforts to address the
potential efficacy of early antiretroviral prophylaxis following
HIV exposure mimicking heterosexual contact, the major
mode for worldwide transmission (12).

In this study, 16 naive female pig-tailed macaques, ages 3 to
5 years and weighing 5.5 to 8.5 kg (Charles Rivers Laborato-
ries, San Antonio, Tex.), were used in accordance with the
recommendations of the Centers for Disease Control and Pre-
vention Animal Care and Use Committee. An inoculum of
HIV type 2 (HIV-2) strain GB122 (previously shown to infect
pig-tailed macaques [18, 19]) was generated by limited propa-
gation of the original AIDS patient isolate onto a mixture of
phytohemagglutinin-(p)-activated peripheral blood mononu-
clear cells (PBMC) from four source macaques. The titer of
this challenge stock was determined by standard techniques (8,
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9) and consisted of approximately 10* tissue culture infectious
doses per ml or at least 10? pig-tailed macaque i.v. infectious
doses. All virus exposures involved atraumatic inoculation of
cell-free virus into the vaginal pouch via a sterile gastric feed-
ing tube. Anesthetized macaques remained recumbent and
were intravaginally inoculated three times over 2 h, with each
exposure and absorption period separated by ~1 h.

Longitudinal blood specimens were collected and processed
as described previously (19). Cervicovaginal lavage (CVL)
specimens were obtained by instilling 4 ml of sterile phosphate-
buffered saline directed at the cervical os. Cervicovaginal cells
were separated from CVL supernatants by mild centrifugation
(15 min at 400 X g) and whole inguinal lymph node (ILN)
biopsy specimens were harvested during the course of study.
Routine cell sieving procedures (Cellector tissue sieve; E-C
Apparatus, St. Petersburg, Fla.) were used to generate ILN
total cell suspensions. Half of each ILN suspension was used to
derive a direct cellular lysate for duplicate DNA PCR analysis,
while remaining cells were either cocultured for virus isolation
or cryopreserved.

Nested DNA PCR was used to detect HIV-2 provirus in
PBMC or ILN cells as described previously (19). Virus isola-
tions from ~107 viable purified PBMC or whole cells recov-
ered from ILN biopsy specimens were attempted using the
PM-1 T-cell line (CD4" X4" R5™) by standard coculturing
techniques (8, 18, 19). Culture supernatants were monitored
for core antigen levels through at least 4 weeks. Detection of
virus-specific antibody was achieved as described previously
(18, 19). Virion-associated HIV-2 RNA (VRNA) was quanti-
tatively measured in plasma or cell-free CVL supernatants by
a reverse transcriptase-mediated PCR (RT-PCR) prototype
assay system similar in design to that detailed by Mulder et al.
(16) and more recently described by Nkengasong et al. (17).
Assay sensitivity was determined to be ~100 copies per ml.

All macaques in this study received three doses (3 ml each)
of the HIV-255,5, stock by the intravaginal route during a 2-h
period (total inoculum, ~10° tissue culture infectious doses),
thus producing a high infection rate (75%) in control ma-
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TABLE 1. HIV-2-specific provirus detection in PBMC and serologic status
Study group and Detection?/status” at wk post-virus exposure
macaque 0 1 2 3 4 8 12 16 20 24
Untreated controls
53-422 —/= —/= +/- +/+ +/+ +/+ +/+ +/+ +/+ +/+
53-443 /= —/= +/- +/+ +/+ +/+ +/+ +/+ +/+ +/+
83-306 —/= —/= +/- +/- +/+ +/+ +/+ +/+ +/+ +/+
83-310 —/= —/= —/= —/= —/= —/= —/= —/= —/= —/=
12-h PEP
83-268 —/= -/= —/= -/= == —/= -/= —/= —/= —/=
83-283 —/= —/= —/= —/= == —/= —/= —/= —/= —/=
83-308 —/= -/= —/= -/= == —/= -/= —/= —/= —/=
83-297¢ -/- —/= —/= /- /= NT NT NT NT NT
36-h PEP
52-121 —/= -/= —/= -/= == —/= -/= —/= —/= —/=
83-267 —/= —/= —/= —/= == —/= —/= —/= —/= —/=
83-269 —/= -/= —/= -/= == —/= -/= —/= —/= —/=
83-273 —/= —/= —/= —/= == —/= —/= —/= —/= —/=
72-h PEP
72-34 —/= -/= —/= -/= == —/= -/= —/= —/= —/=
83-285 —/= —/= —/= —/= == —/= —/= —/= —/= —/=
83-305 —/— —/— —/= —/= —¢/= —/= —/—= +/+ +/+ +/+
83-303¢ -/- —=/= ~/= NT NT NT NT NT NT NT

“ +, nested DNA-PCR amplification and detection of HIV-2 protease gene sequences; —, no HIV-2-specific signal was detected; NT, not tested.
b +, confirmed HIV-2-specific seroconversion; —, lack of seroresponse; NT, not tested.
¢ DNA PCRs and virus isolation results were also negative for ILN biopsy specimens.

4 Longer-term follow-up was not possible due to unanticipated death.

caques not receiving PEP (Table 1; Fig. 1). In these animals,
rising plasma VRNA levels were observed, with peak viral
loads occurring at week 2 or 3 postinoculation (p.i.). Quan-
tifiable levels of VRNA were also observed in cell-free su-
pernatants derived from CVL specimens collected longitu-
dinally from all infected macaques and, in most cases, were
the earliest signs of infection. All infected control animals
showed a typical acute phase of HIV-2 infection for this
species, characterized by early peaks of plasma viremia,
early establishment of chronic provirus in PBMC, the ability
to readily isolate virus from PBMC (data not shown), and a
classic antibody response beginning at 3 or 4 weeks p.i. In
most cases, plasma virus became undetectable by week 12 to
16 p.i. Interestingly, macaque 83-310 (classified as exposed,
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uninfected) had detectable VRNA in CVL specimens only at
weeks 1 and 3 p.. (Fig. 1), with no other indication of
productive infection.

Groups of HIV-2-exposed macaques (n = 4 each) were
subsequently treated with (R)-9-(2-phosphonylmethoxypro-
pyl)adenine (PMPA) (tenofovir; Gilead Sciences, Foster
City, Calif.) by subcutaneous injection of 30 mg/kg of body
weight daily for 28 days, starting 12, 36, or 72 h after the last
viral inoculation. None of the four macaques in the 12-h
group showed any indication of systemic infection (Fig. 2A).
While plasma viremia was not observed, VRNA was ob-
served in early CVL specimens (weeks 1 and 2) from a single
macaque in this group. HIV-2 provirus was not detected in
PBMC, attempts of virus isolation from PBMC were not
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FIG. 1. HIV-2 load in plasma and CVL specimens through 24 weeks after intravaginal virus exposure in untreated control macaques (n = 4). Plasma vRNA levels
are reported as log,, copies per milliliter and virus levels in CVL supernatants are indicated as log,, total copies per lavage specimen. The sensitivity limits are 100
copies/ml for plasma and 400 total copies for CVL supernatants with a 50-pl sample equivalent input into the assay system (dashed line).
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FIG. 2. Longitudinal HIV-2 vRNA levels in plasma versus CVL supernatants after intravaginal virus exposure in experimental macaque groups (n = 4 each)

receiving PEP with PMPA at the indicated times. Results are reported as in Fig. 1.

successful (data not shown), and virus-specific antibody re-
sponses remained negative for each macaque in the 12-h
group (Table 1). Also, ILN tissues harvested from each
macaque on the final day (day 28) of PMPA treatment were
virus negative, as assessed by nested PCR for provirus and
virus isolation. One macaque (83-297) in the 12-h group was
found dead at week 5 p.i. as a result of circumstances un-
related to any experimental procedure. Postmortem tissues
were PCR negative for proviral DNA (not shown).
Similarly, those macaques (n = 4) receiving PEP at 36 h
post-virus exposure were also protected from systemic in-
fection and remained negative by virologic and serologic
parameters through 24 weeks p.i. (Table 1; Fig. 2B). Fur-
thermore, ILN specimens collected from all four macaques
in the 36-h group were provirus and virus isolation negative.

In this group, transient vRNA signals were also observed in
early CVL specimens collected from two animals.
Macaques (n = 4) receiving PMPA treatment at 72 h post-
exposure also showed a lack of systemic infection through the
first 12 weeks p.i. by all parameters (Fig. 2C). Once again,
vRNA in some CVL specimens was detectable; however, these
signals were seen later than in the other treatment groups. One
macaque had a low-level signal at week 4 p.i., while another
had higher vVRNA titers detectable at weeks 4 and 8 p.i. One
macaque in the 72-h group (83-303) died at week 2 p.i. from
unrelated causes. One confirmed seroconversion in the 72-h
group was observed at week 16 p.i., indicating delayed, sys-
temic infection and PEP failure (Table 1). A low level of
plasma viremia was detected and circulating PBMC were pro-
virus positive, although VRNA was not observed in CVL spec-
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imens. The other two macaques in the 72-h group remained
uninfected by all systemic parameters through 6 months post-
virus exposure. Further follow-up data, up to 1 year after virus
exposure for all macaques receiving PEP, remained identical
to those results shown for week 24.

The novel aspects of this experimental design involve (i) the
use of intravaginal exposure, (ii) the evaluation of a timing
strategy for prophylaxis which would be realistic following a
potential high-risk human heterosexual contact, (iii) the use of
a human-derived-retrovirus (HIV-2) vaginal transmission
model, and (iv) direct assessment of CVL supernatant virus
levels. The results demonstrated that early intervention with a
potent antiretroviral regimen in response to a vaginal retrovi-
rus exposure significantly reduced the establishment of sys-
temic infection in macaques treated 36 h or sooner after ex-
posure (zero of eight infected) compared with untreated
controls (three of four infected; P = 0.018 by Fisher’s exact
test). However, the regimen did not protect all macaques in
which PMPA treatment was initiated 72 h after virus exposure,
a finding consistent with previous animal data derived using i.v.
exposures to simian immunodeficiency virus (SIV) (1).

Elegant macaque studies (13, 14) have linked the efficiency
of vaginal transmission to the extent with which a virus strain
replicates in vivo after i.v. inoculation. It still remains unclear
as to how much linkage, if any, exists between viral virulence
and mucosal transmission efficiencies (20). The intravaginal
transmission method detailed in this study served to model
high-risk vaginal exposures resulting in an extremely high in-
fection rate (75%) compared with that suggested by human
data (0.1 to 0.2% risk per receptive vaginal episode) (11).

The most dramatic protection reported in macaque PEP
studies has followed the use of the nucleotide analog RT in-
hibitor PMPA (23-27). Initiation of PMPA treatment no later
than 24 h after i.v. SIV challenge, with continued prophylaxis
for 28 days, was the most effective regimen in those studies.
Delaying prophylaxis initiation (48 or 72 h postexposure) or
shortening treatment to 10 or 3 days reduced PMPA efficacy
(23). Different exposure routes and a possible requirement for
localized replication prior to systemic dissemination most
likely contributed to the differences between the findings of
these previous studies and those of our investigation. PMPA
treatment following oral SIV exposure in newborns has also
been reported (26); however, treatment that was started up to
5 days after inoculation led to alterations in rapid disease
course outcomes rather than preventing systemic infection.
Furthermore, the optimal effective duration for PEP remains
unknown and has not been fully explored (3, 6), even in animal
studies. Bottiger et al. (2) demonstrated a dramatic protective
effect (12 of 12 macaques) with only a 3-day regimen using
another RT inhibitor (BEA-005) when administered 1 to 8 h
following i.v. inoculation with SIV.

The lack of evidence for systemic infection until 16 weeks
p.i. for the breakthrough animal, even in ILN specimens on the
final day of PMPA therapy, is intriguing and perhaps indicates
the presence of an early low-level infection, possibly localized
to the site of exposure. The observation of this delayed infec-
tion in our model (~3 months later than in untreated controls)
and recent human evidence (21) further support the need for
adequate follow-up periods after PEP administration to mon-
itor for delayed seroconversions.

Evaluation of CVL supernatant virus levels in this study was
highly informative and provided some suggestive evidence for
possible localized virus production. The detectable cervico-
vaginal virus signals noted in some macaques during treatment
may be a consequence of PMPA’s inability to suppress all virus
activity localized to the exposure site. Indeed, successful PEP
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prevention of a systemic infection may occur at the level of
virus dissemination events.

The important issue of localized virus replication at a mu-
cosal exposure site in the absence of an overt systemic infection
has also been raised by intriguing investigations into transient
infections of drug-naive macaques resulting from both intrar-
ectal and intravaginal SIV transmissions (15, 22). Although
virus detection in genital mucosal compartments was not in-
cluded, the investigations’ results indicated a potential for in-
ducing a transient infection state within a virus-exposed ma-
caque. This phenonemon seems unlikely in our study due to
the consistent lack of systemic virus detection up to a full year
after virus exposure in those animals protected by PEP; how-
ever, tissue reservoirs harboring low levels of virus cannot be
ruled out by our present findings.

In summary, our findings indicate that early intervention
with a potent antiretroviral regimen may be successful in pre-
venting infection via vaginal exposure to a human-derived ret-
rovirus. The data provide additional insight into the critical
timing related to PEP initiation for maximum effectiveness and
have generated a proof of concept for the use of antiretroviral
agents following a high-risk heterosexual exposure to HIV in
humans.
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macaque cohort; Ryan Siemers for assistance with serologic screening
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